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ABSTRACT 
A new process fir the fabrication of fine scale, high 
aspect ratio PZT 1-3 composite structures has been 
developed. In this process, lost mold technique is 
utilized with a Si mold prepared by deep reactive ion 
etching (RE). Due to the high strength and high 
melting point ofSi, PZT sintering under high pressures 
without removing the mold becomes possible, leading to 
structures ofhighly condensed PZT in the precise shape d 
the mold. The typical PZT structures in this work are 
periodically arrayed rods 16 pm in diameter, 100 pm in 
height, resulting in an aspect ratio higher than six. The 
libricated structures are to be applied to high resolution 
micro-ultrasonic transducers in the iitquency range of 20 
MHz for medical purpose. 
INTRODUCTION 
Fine scale, high aspect ratio PZT/polymer 1-3 
composite is a promising ibr high resolution micro- 
ultrasonic transducers fbr medical purposes. [ l ,  21 The 
1-3 composite consists of an active piezocemic PZT 
(lead zirconate titanate: Pb(ZrxTil-x)03) rod array 
embedded in a passive polymer matrix, as schematically 
shown in Fig. 1 .  The composite device is advantageous 
because of its large electromechanical coupling and 
lowered acoustic impedance which matches human tissue 
better and leads to high resolution. Its piezoelectric 
property, however, is kept close to that ofbulk PZT when 
the volume taction is proper. [3] For high resolution, 
high aspect ratio is also important. 
Fig. 1 Schematic of PZT/polymer 1-3 composite. 
The lost mold technique is up to now most suitable 
ibr producing fine scale high aspect ratio 1-3 composite 
structures. [2, 41 However, in case that the mold is as 
fme as 10 pm in diameter and as deep as 100 pm in depth 
(an aspect ratio of lo), it is hund difficult to cast PZT 
slurry completely into the mold because ofthe existence d 
residual air in the mold and su&x tension ofthe slurry, 
even if methods such as vacuum impregnation and 
ultrasonic agitation are employed. Meanwhile, it is 
difficult to condense the molded material. As a fact, for a 
PZT/polymer 1-3 composite transducer, high PZT 
density is essential in order to obtain good transducer 
perhrmance. These problems drove us to the idea of 
sintering PZT under high pressures. The key point is 
then to fabricate a mold that can withstand temperatures as 
high as - 1000 "C and pressures as high as tens ofMPa 
Obviously, the mold shall not react (or inter-diffise) with 
PZT during the sintering process and shall be removable 
afterwards. 
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Previously, LIGA (lithography, galvanofbnning, 
and plastic molding) technique [ 5 ]  has been employed for 
the PZT 1-3 structuremold fabrication [2,6]. By LIGA, 
a plastic or metal mold can be obtained. However, in the 
case of plastic mold, pressing at high temperatures is 
impossible; while a metal mold seems to be not suitable 
because it may react with PZT at high temperatures and 
may be difficult to be selectively removed. 
In this paper, a new process for the fabrication offine 
scale, high aspect ratio 1-3 composite structures of high 
density PZT is reported. In this process, a Si mold is 
utilized and PZT sintering is undertaken at high 
temperatures and under high pressures without removing 
the mold. The Si mold is then removed by XeF2 etching 
following the PZT sintering. 
TRANSDUCER DESIGNING 
The underdeveloped ultrasonic transducer is 
designed so that it can be settled at the head ofan active 
catheter [7], working as an imaging device. For example, 
it may detect the shape ofa blood vessel and then guide the 
catheter to its destination, which is conventionally a work 
of X-rays. For this purpose, the transducer is in a donut 
geometry with its outside diameter Do = 3 mm and 
interior diameter D, = 2 mm, as illustrated in Fig. 2 (cross 
section view). A medical tool is allowed to pass through 
the transducer bore if necessary. 
In order to obtain high resolution in a wide 
frequency band, the transducer is designed to work in the 
tequency range of20 MHz. Additionally, in order to 
gain maximum sensitivity, the 1-3 composite transducer 
is to be operated in its halfthickness resonant mode. 
Therefore, the height (h) of the PZT rods is designed ash 
- 100 pm. For a high resolution device, it is also 
essential to careklly choose the parameters such as the 
PZT volume ratio R, the diameter of the PZT rod D, and 
the periodicity of the 1-3 structures p .  In Re€ 3, 
Yamaguchi et a1 have theoretically showed that, h r  the 
0th-order mode, the 1-3 PZT/polymer composite will 
strongly reff ect the piezoelectric characteristics of PZT 
rods whenR> 10 -30%and B p < 1, with B thewave 
number. Following Ref 3, the PZT 1-3 structures are 
designed as D = 10 - 20 pm andp = 10 - 40 pm. 
Fig. 2 Cross sectional view of the PZT/polymer 1-3 
composite transducer. 
PROCESS 
The developed PZT 1-3 structure hbrication 
process is shown in Fig. 3. It is a lost mold process and 
consists of the following steps: 1) Si mold fibrication, 2)  
PZT slurry casting, 3) PZT sintering under high pressures 
(hot isostatic pressing: HIP), and 4) Removal ofSi mold. 
1) Si Mold Fabrication 
The Si mold was hbricated by deep R E  (reactive 
ion etching)technique [SI (Fig. 3 a) by using an STS ICP 
R E  equipment. A positive photoresist, PMER P-AR 
900, is used as amasking layer. The resist layer is 6 pm 
in thickness affer an optical patterning, Si molds with 
hole diameters ranges ftom 10 pm to 50 pm, and depths 
exceeding 100 pm were obtained. The micro-loading 
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a) Si mold fabrication by deep RIE. 
PZT 
Si 
b) PZT slurry casting, solidification and 
calcination. 
~ - 
c) Hot isostatic pressing (HIP) 
d) Removal of the Si mold by XeF etching. 
Fig. 3 Si mold process for PZT 1-3 structure fabrication. 
e&t was hund: the smaller the hole diameter, the 
shallower the etched depth. The sidewalls, however, are 
satisfactorily vertical and smooth for all holes. Fig. 4 a) 
shows the top view (tilted) of a Si mold with the hole 
diameter D = 16 pm and periodicityp = 22 pm. Fig. 4 b) 
shows the cross sectional view ofa Si mold with D = 16 
pm andp = 32 pm. The holes are as deep as 140 pm. 
The bad cleanliness of the cross section is due to the 
damage during Si cleavage. 
2) PZT Slurry Casting 
The slurry was prepared by mixing PZT powder 
a) top (tilted) 
: 
b) cross section 
Fig. 4 SEM images of Si molds fabricated by deep RIE. 
Fig. 5 PZT after sluny casting and calcination. 
(Pb(Zro,52T i0.48)03) thoroughly with 10% PVA (polyvinyl 
alcohol) in a proper composition ratio. The average 
particle size of the PZT powder is 0.3 pm. The PZT 
slurry was then cast into Si molds with the help of 
ultrasonic agitation. Affer a natural solidification fbr 
more than 12 hrs, the PZT green was calcinated at 500 "C 
in the air for more than two hours (Fig. 3 b). 
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The main purpose ofthe calcination is to bum out the 
binder, PVA. At this stage, PZT has not been 
completely filled into the Si mold and as shown in Fig. 5, 
the PZT density is still low. 
3) Hot Isostatic Pressing 
In order to condense PZT and fill it completely into 
the Si mold, PZT sintering was perbrmed by glass- 
encapsulated hot isostatic pressing (HIP) (Fig. 3 
The procedure of is depicted in Fig. 6 .  
a) Cold isostatic pressing (CIP) in water. 
glass-encapsulated samples gla-e 
b) Glass encapsulation. 
c) Hot isostatic pressing (HIP) in Argas. 
Fig. 6 Procedure of hot isotatic pressing. 
Initially, samples (calcinatedPZT with the Si mold 
unremoved) were embedded into boron nitride (BN) 
powder and cold-isostatically pressed (CIP) at 100 MPa in 
water. At this stage, PZT has been compressed to a 
relatively high density. Then the BN-embeded samples 
were sealed in a Pyrex glass tube by heating the glass tube 
up to its softening temperature (- 750 "C), d e r  having 
evacuated the tube inside down to l o 3  Pa. A gas-ff m e  
bumer was used to help the glass capsule envelope the 
samples closely and then to cut the glass capsule offthe 
glass tube. Here BN powder was used to prevent any 
reaction between the samples and glass in the 
encapsulating and the later HIP processes. Lastly, the 
glass-encapsulated samples were hot-isostatically pressed 
with Ar gas as a pressure-transmitting medium. They 
were firstly heated up to the Pyrex softening temperature 
under a low pressure about 1 MPa Pressure and 
temperature were then concurrently increased to the 
predetermined peak values of70 MPa and 1000 "C, and 
held fortwo hours. The heating and pressing program is 
depicted by Fig. 7. 
1 zoo 80 I I I I I 
- 10 
0 1 2 3 4 5 6  
Time (hour) 
Fig. 7 Heating and pressurization program of HIP. 
4) Si Mold Removal 
After HIP, samples were taken out Eom the glass 
and BN package and were polished fi-om the Si side until 
clean Si molds wereexposed. Then, XeF2 etching [9] is 
performed to remove the Si molds (Fig. 3 d). According 
to an in-situ monitoring ofthe etching products by Fourier 
Transhrm Inhed (FT-IR) spectroscopy, there was no 
observable etching ofPZT. The setup ofour XeF2 etcher 
and other details can be found in Ref. 10. 
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RESULTS AND DISCUSSION 
Fig. 8 shows SEM pictures of typical PZT 1-3 
structures fibricated by the Si lost mold process. The 
displayed PZT rods are 16 pm in diameter, 100 pm in 
height, resulting in an aspect ratio higher than six. The 
PZT rod cross sections were also investigated by SEM 
observation. It is tbund that PZT has been highly 
condensed even in small PZT rods. Fig. 9 shows the 
cross section ofa PZT rod with a diameter below 10 pm. 
The tibricated PZT structures are ready to be 
applied to PZT/polymer 1-3 composite transducers in the 
eequency range of 20 MHz. Due to the high PZT 
density, good transducer performance is expectable. 
The experimental results suggest that due to the 
feasibility ofpressing during sintering (HIP), the Si mold 
process has opened a new way fir high density fine 
structure fabrication of PZT. Another notable advantage 
ofthis process is that a Si mold can be fabricatedeasily by 
Si deep RIE, which is now a quite popular technique. 
Such a mold can be as fine as several micrometers in 
diameters with aspect ratios higher than 10. 
In order to remove Si molds affer PZT sintering, 
XeFz etching has been utilized. it may be a meaningfid 
try to removethe Si mold by aconventional wet etching, 
using, tbr example, te tmethyl  ammonium hydroxide 
(TMAH). This may be possible if a protection film 
(silicon nitride, silicon oxide, etc.) is fbrmed on the 
surface of the Si mold befbre PZT casting. If this is 
possible, mass production offine scale PZT structures at 
low cost will be realized. 
Here, it shall be emphasized that the above process 
has not been optimized. For example, HIP conditions 
(temperature, pressure and time) are to be carefully scanned 
b) side 
Fig. 8 PZT rod array fabricated by Si mold process. 
Fig. 9 SEM image of the cross section of a PZT rod. 
in order to obtain high quality PZT structures (concemed 
fictors: crystallization state, density and grain sizes, 
etc.),without destroying the Si mold. Slight reaction (or 
diffusion) seems to have occurred between Si and PZT at 
the interhce, which is also expected to be prevented by a 
protection film on the Si mold surface. 
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CONCLUSION 
It has been demonstrated that the Si lost mold 
process developed in this work is a promising technique 
i6r the hbrication of fine scale high aspect ratio PZT 1-3 
structures. Due to the high strength and high melting 
point of Si, PZT sintering under high pressures (HP) 
without removing the Si mold becomespossible. This 
leads to structures of highly condensed PZT. The 
hbricated structures are suitable h r  PZT/polymer 1-3 
composite micro-transducers in the Eequency range of20 
MHz with expectable good performance. 
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